Silicon carbide (SiC) was first industrially synthesized in 1894 and has been used as refractories, abrasives and high temperature furnace parts. The basic fabrication and sintering technologies were almost established by about 1970. Recently, sintered SiC has become a key material as it has been widely used in advanced industries of semiconductors and high precision machines. New fabrication methods for modern SiC powders and sintering methods are being developed on the bases of traditional methods. In this review, the original studies and recent developments have been given maximum possible emphasis, and in particular, basic points of view are introduced.
Introduction
illustrates the present situation of the fine ceramics (FC) industry based on data from the "JFCA home page, Fine ceramics industry trend search", edited by the Japan Fine Ceramics Association. Although the sales of FC temporarily dropped in 2001 and 2007 because of the industrial depression, they have steadily increased thereafter. As shown in the pie chart in the figure, the proportion of mechanical, thermal and semiconductor ceramics in which silicon carbide is widely used is not very small. SiC products exist in various forms, such as single crystals, powders, sintered bodies, and fibers, and there is no doubt that SiC products are important industrial materials. Apart from abrasives and refractories, the production of SiC materials has increased, especially in the case of materials used in wearresistant parts and in components for precision machines. In recent times, SiC materials have been constantly produced for use in semiconductor manufacturing equipment, diesel particulate filters (DPF), and single crystals for semiconductor power devices. Because the these products are high-value-added products and there is a large market for them, they have gained the attention of many companies and researchers. Although such SiC materials are new, the development of these materials is focused on powder synthesis and sintering, in which we have been closely involved. In this article, we focus on the powder synthesis and sintering, and review the development history of the SiC materials.
Discovery and production of SiC as industrial raw materials
In 1884, E. G. Acheson, who had worked for T. A. Edison and later set up his own business, heated a mixture of clay and graphite in an iron container with a carbon arc to synthesize diamond. He obtained bright crystals, but, obviously, they were not jewels. It is said that he believed the crystal to be a compound of alumina and carbon and therefore called it carborundum for corundum. Fortunately, the compound served as a good abrasive, and Acheson established a process (called the Acheson process) for producing this compound using a furnace with a large electric resistance (called the Acheson furnace), 2) and founded the Carborundum Company in 1894. Even today, most SiC raw materials are produced by the Acheson process, and some people call the SiC material carborundum.
In 1905, SiC was found as a mineral in the Canyon Diablo meteorite in Arizona by H. Moissan. The mineral was ¡(6H)-SiC and was called Moissanite.
3),4) Subsequently, a natural mineral of ¢(3C)-SiC was found in Wyoming, and that of ¡-SiC was found in Yakutia, Russia, and in Bohemia. 5) Since then, many polymorphs have been synthesized.
The principle of the Acheson furnace is quite simple, as shown in Fig. 2 , 6) and its basic structure has not changed from the first model. The furnace is filled with a mixed powder of silica sand and carbon powder. Electrodes are situated on either side of the furnace. The furnace is heated by resistance heating using a large amount of electric power; the following reaction for synthesizing SiC [Eq. (1) ] occurs in the furnace: 
The temperature of the core region of the furnace reaches approximately 3000°C. Ingots of ¡-SiC crystals are obtained from the reaction between Si gas and CO gas or graphite in the core region, while ¢-SiC is produced from the reaction between SiO 2 and graphite in the outermost region. The synthesis of SiC ingots requires more than 7000 kWh of electric power per ton, and that is the reason why the power consumption during SiC production is considered to be high. In Japan, this production process is no longer economically viable, and only one company has been producing the ingots.
Ingots are processed into raw materials for abrasives, refractories, and powders for sintered materials by crushing, acid treatment, rinsing, drying, magnetic cleaning, and sieving. 7) Requirements for the raw materials of sintered SiC are that the mean particle size is on the order of submicrons, preferably 0.5¯m or less, and that the impurity content, that is, the oxygen and carbon contents, are 1 mass % or less. 8) Although definite statistics on the production of SiC ingots could not be found, the production was estimated to be approximately 800,000 tons a year several years ago. China is the world's largest producer of SiC ingots, followed by Norway, the Netherlands, Russia, the United States of America, Brazil, and Venezuela. The proportions are unlikely to change in near future.
Crystal structures of SiC and stability regions of polymorphs
Crystals of SiC consist of layers of SiC 4 tetrahedra, as shown in Fig. 3; 9),10) the vertices of each tetrahedron are shared with neighboring tetrahedra. Many crystal structures having various periods can be formed depending on how the layers are stacked. This phenomenon is called polymorphism, and the crystal structures are called polymorphs. The representative polymorphs of SiC, 3C and 6H, are illustrated in Fig. 3 . Symbols, such as 2H, are Ramsdell notations; the numbers 2, 3, 4, 6, etc., refer to the number of layers in a period, and the letters H, C, and R denote the hexagonal, cubic, and rhombohedral crystals, respectively. Five polymorphs from 2H to 15R are often observed, while other polymorphs having longer periods have not been clearly identified by X-ray diffraction in sintered SiC. Cubic 3C and other anisometric (hexagonal and rhombohedral) crystals are called ¢(-type) and ¡(-type) in the order of discovery. There are two types of (0001) surfaces (hexagonal indices of the ¡-type crystal) for SiC single crystals: one in which C atoms are arranged on the surface and one in which Si atoms are arranged on the surface (polar surface). Figure 4 shows the thermal stability regions of the polymorphs, as obtained by Knippenberg 6) and Inomata.
11)

12)
2H < 4H < 6H15Rlonger-period phases are stable in the order from low to high temperature, and 3C is considered to be a metastable phase or low-temperature phase. As the synthesis temperatures by the Acheson process and the silica reduction process reach ³3000 and 16001800°C, respectively, powders of 6H and 3C are produced by the respective processes. The stability regions of the polymorphs overlap as shown in Fig. 4 . This is because there are small differences in the internal energy of the polymorphs. Several polymorphs always coexist in single crystals, not to mention the sintered SiC. Although experimental data for the internal energy could not be found, calculated values of the internal energy, calculated by Limpijumnong and Lambrecht 13) using the molecular orbital method, are shown in Fig. 5 .
The thermal stability of the polymorphs is affected by the introduction of metal elements into their structures. Many elements form solid solutions with SiC, although their solubility is low. According to Harris, 14) important elements that readily form solid solutions with SiC are N, Al, and B, the solubility Tajima and Kingery, 15) the solubility limit of Al at 2200°C is 1 wt %. Although there have been few experiments on the relationship between the incorporation of elements and the thermal stability of the SiC polymorphs, Al stabilizes 4H, AlN forms a 2H solid solution, and N stabilizes 3C. Keiffer et al. 16) reported that when 6H-SiC is treated at high temperature under high pressure nitrogen, the 6H-SiC transforms into 3C. Another study reported that when a mixed power of metal nitride (TiN) and SiC are sintered at normal pressure, the ¡ ¼ ¢ reverse transition from 6H to 3C occurs. 17) It is considered that N is incorporated into SiC to stabilize 3C, and the stabilized 3C-SiC grains have no stacking faults and have an isometric form (Fig. 6) . This is very interesting as compared to the sintered ¢(3C)-SiC having stacking faults and consisting of long columnar grains (Fig. 12) . According to the author's experience, B does not promote any phase transition, but shows a tendency to help the existence of 15R. A solid solution with metal atoms, thermal stability, polymorph transition, and grain growth are keywords for the structure control of SiC-sintered materials.
Synthesis methods of SiC powders
for fine ceramic raw materials
Reduction of silica by carbon
Although almost all SiC raw materials are produced by the Acheson process, various synthesis methods have also been developed. The silica reduction process, in which silica is reduced by carbon to synthesize SiC powders, has a long history.
18) The reaction occurs based on formula (1), the reaction, however, is not very simple because it is a heterogeneous reaction and involves SiO gas , CO gas , and Si gas . A SiCO phase diagram demonstrates that the SiC synthesis region occurs at high temperature and low pressure, and the reaction proceeds well under a reduced pressure.
19)21)
As fine powders with a high purity are required for raw materials in fine ceramics, many attempts, such as the use of fine powder raw materials and the improvement of the mixing technique, were made. 22 ),23) Many companies tried the powder synthesis in the 1980s and some companies, such as electrical companies and chemical companies, were producing high-purity ¢-SiC fine powders for sintering. 24)26) In these methods, the synthesis was conducted at a low temperature around 1800°C, and this process allowed to synthesize ¢-SiC powders. When raw materials are appropriately regulated, crushing, decarbonization, acid treatment, and seiving become unnecessary, and the raw powders can be obtained by coarse crushing thus avoiding impurity contamination. Figure 7 shows a typical furnace for the silica reduction process. 24) A mixture of silica and fine carbon powder is fed from the top of the furnace and reacted in an inert gas atmosphere. The synthesized powder is removed through the bottom of the furnace.
Many devices were conceptualized for the synthesis of silica and carbon raw materials and the ways of mixing them were developed. Subsequently, two methods were developed®one in which a Si source in gas phase is mixed with C using flames Tanaka: Silicon carbide powder and sintered materials JCS-Japan and the other in which silica sol and liquid carbon are used as the raw materials. 25) ¢-SiC powders synthesized by these methods were fine and of high purity, and were also suitable for sintering. However, they were expensive when compared to ¡-SiC powders produced by the Acheson process, thus they are not produced in Japan. They are sold by a German company.
Siliconization of carbon
Simple methods have been reported, one in which SiC is obtained from the direct reaction of C and Si (Si + C ¼ SiC) and the other in which it is obtained from the combustion of C and Si. 27 ),28) The reaction temperatures have been reported to be 1380 or 12001300°C. While this method has the advantage of synthesis at low temperature, it is difficult to control the reaction that rapidly progresses, and as a result, only a coarse powder is obtained. By the same principle, self-combustion sintering is possible, in which simultaneous synthesis and sintering of the SiC powder occur. 29) There is yet another interesting method of synthesis at normal temperature. By mixing Si and C powders using a high energy (high speed) mill, Ohyanagi et al. 30) obtained a mechanically alloyed powder of disordered ¢-SiC at room temperature. When the obtained powder was sintered by hot-pressing (HP) without any additive, the powder underwent a transition to the ¡-type and was densified at low temperature (1650°C).
Chemical vapor deposition (CVD)
Chemical vapor deposition (CVD) allows the synthesis of high-purity fine powders. As described in Chapter 8, the sintering rate of a powder is known to be proportional to the grain size to the power of minus n (n = 1.32.3). That is to say, the smaller the grain size, the faster the sintering rate. It was expected that the sinterability could be improved by pulverization and that even covalently bonded substances could be sintered. Kijima et al. 31 ),32) obtained a fine powder of less than 10 nm in size from SiH 4 and CH 4 gases by radio-frequency (RF) plasma CVD. High-purity fine powders are used as raw materials for high-purity, additive-free SiC-sintered materials. These are also used for purposes other than sintering and are sold as industrial products (Fig. 8) .
At the same time, Suyama et al. 33) reported a method using laser-induced CVD. They synthesized SiC powders from SiH 4 and C 2 H 4 gases using a CO 2 laser beam. The obtained powders were of high purity and their particle sizes were as small as 10 40 nm. B-doped fine powders were also synthesized with the same way. This CVD method is also commercialized in the United States. Both studies are regarded as the beginning of the modern synthesis of ceramics powders.
CVD can be performed using a simple tube furnace. 2 H is passed through a tube furnace, spherical polycrystalline powders are produced. Generation of powders consisting of single-phase and crystalline grains seems to be difficult, and experimental data on their sinterability have not been found. A gas-evaporation method was also reported, in which SiC fine particles were synthesized from a smoky gas phase by the application of an electric current to Si and C. 
Liquid-phase raw materials and precursor method
A key factor in the synthesis of SiC powder for sintering is the synthesis of high-purity, single-phase, fault-free fine powders at low cost. It is desirable that the Si and C elements be closely and homogeneously mixed as much as possible, and uniformly and instantly reacted. The use of organic liquid raw materials is a good idea. Siliconization of precursors consisting of SiOCH, which are synthesized by mixing and polymerization of highpurity organic raw materials, is one such method. Tanaka and Kurachi 37), 38) synthesized SiC by polymerizing ethyl (methyl) silicate (TEOS, TMOS) and phenol-formaldehyde resin (phenol resin), and then heating them at 16001800°C. Such a method is called the precursor method. The obtained powders are fine and do not contain unreacted SiO 2 and C (Fig. 8 ). This method produces extremely high purity powders at a relatively low cost and is used in the manufacturing of parts for semiconductors. Regarding organic raw materials, the synthesis of SiC fibers from carbosilane by Yajima et al. 39 ) ,40) is well known. It is a unique and excellent method developed in Japan, and this synthesis method has been further improved. The SiC fibers are used for fiber-reinforced composite materials. However, this method does not seem suitable for the synthesis of powders for sintering. For a detailed description of fiber-reinforced ceramics and ceramic synthesis by organic-to-inorganic conversion, special reviews are available in the Bull. Ceram. Soc. Japan, "Ceramics Japan", and another journal. 
Synthesis of SiC in bulk
In the 1950s, SiC crystals once attracted attention as semiconductor substrates, and relevant studies had been actively carried out. Methods of synthesizing single crystals, such as sublimation and recrystallization, CVD, and molten metal methods, were developed. Technologies for making electric devices were also studied and the basic physical properties of the SiC crystals were almost revealed. The results were compiled into two books, which have provided valuable data. 43 ), 44) The relevant studies then saw a decline with the growing interest in Si single crystal devices. However, in recent years, SiC crystals have assumed importance again as semiconductors for power devices. This helped revive the studies on the synthesis of large, good quality SiC single crystals. Feature articles about this subject have also appeared in the bulletin. 45) 
Lely method
When SiC coarse grains are added to a carbon crucible and heated to ³2700°C, single crystals grow on the wall of the crucible. In this method, developed by Iley and Lely et al. in 1947 and 1955, 46) , 47) respectively, SiC crystals are made by recrystallization (sublimation, vaporizationcondensation). This method, called the Lely method, can afford high-purity crystals, but cannot produce large crystals. A series of synthesis studies were then carried out by combining the molten method and CVD, mentioned later.
48)51) As a result, more than 50 polymorphs were found, 52) the thermal stability regions were determined, and basic data on SiC crystals were collected. (described in Chapter 3.)
Large single crystals that have been actively studied in recent years are obtained by the modified Lely method, in which a seed crystal is placed on top of a graphite crucible and SiC grains are placed at the bottom of the crucible, and then the crucible is heated. This method involves a high temperature and therefore yields ¡-SiC, such as 4H and 6H. SiC single crystals have properties such as a wide band gap (2.23.02 eV. That of Si is 1.1 eV.), high thermal conductivity, high saturated drift velocity, and good chemical stability at high-temperatures. These are the reasons why SiC single crystals are suitable for power devices. A large project for making SiC devices was carried out at the National Institute of Advanced Industrial Science and Technology (AIST), Japan, from 1998 to 2003. 53),54) Although largediameter wafers of SiC have not been practically produced due to the existence of micropipes, 55) single SiC crystals for blue LEDs are on the market. The physical properties of the SiC single crystals are listed in the references by Neuberger, Munro and Tanaka.
56)58)
Molten metal method
In this method SiC is deposited from a high-temperature molten metal solution in which Si and C are dissolved. The molten metal method is a conventional method of synthesizing inorganic crystals 59) and had been significantly studied during the 1960s. 50),60)62) Si, Cr, Si/Cr, Si/Al, and Co/Si are used as the molten metal. The temperature of the solution and degree of supersaturation (temperature gradient) determine the polytype. This method seems to have difficulty in synthesizing large crystals.
Chemical vapor deposition (CVD)
Similar to powder synthesis, this method involves the growth of SiC by epitaxy, etc., from the gas phase. Although this technique has been developed a long time ago, with the aim of synthesizing single crystals, it has been subject to extensive research due to the necessity of SiC film synthesis for improving the resistance of graphite to oxidation and corrosion at high temperature, application to turbine blades and precision parts, impregnation of porous ceramics, coating of carbon fibers, etc. Various gases, such as CH 3 SiCl 3 , C 2 H 5 SiCl 3 , CH 3 SiHCl 2 , CH 3 SiH 3 , SiH 4 + C 3 H 8 , and SiHCl 3 + CHCl 3 , are used as the sources, and H 2 , Ar, He, N 2 , etc., are used as the carrier gases. Films are deposited at 9002300°C. Films of epitaxial growth, plate crystals, whiskers, dendrites, polycrystals, amorphous solids, and powder crystals are produced in decreasing order of the degree of supersaturation. Enormous amounts of research data were summarized in 1980 by Schlichting, 63) which is a required reading for CVD researchers. Although there are the ¡-type and ¢-type in CVD-SiC, the ¢-type is normally produced because the synthesis is carried out at less than 2000°C.
CVD is applicable to single crystal synthesis. SiC single crystals are grown on a Si substrate by epitaxy. 64 ) Nagasawa et al. 65) developed large-diameter ¢-SiC wafers using a fullcontrolled process for removing defects. CVD is also used to coat reaction-sintered SiC to produce high-purity products. On the other hand, since multiple layers can be deposited and the composition of the layers can be varied using CVD, this is a promising means of synthesizing nanocomposite materials and gradient materials. 
Aqueous solution method
It may be strange that SiC is deposited from an aqueous liquid phase. Kijima et al. 69) found dendrite flat deposition on the (0001) C (carbon) surface when treating SiC with a hot-water-solution of K 3 [Fe(CN) 6 ] (potassium ferricyanide) and KOH. Inomata et al. 70) also obtained yellow polycrystalline films with a 10100 nm thickness on the Si surface in the same manner. Although the C source may be CN ¹ , the Si source was not identified and details of the reaction have not been clarified. A hot-water-solution of K 3 [Fe(CN) 6 ] and KOH, as already described, is called Murakami's reagent, and is a very effective chemical etchant.
11)
Tanaka: Silicon carbide powder and sintered materials At the same time, another report of SiC powders being precipitated from alkaline colloidal solution was presented and this became an active topic of conversation. In the discussion that followed, it was concluded that the same phenomenon was used for the deposition of gold from a hydrothermal solution. Although the following research and details on the SiC synthesis from an aqueous solution have not been found, the phenomenon is of significant interest and is considered to be worth examining again.
Sintering of SiC coarse powders
The situation of research and development of SiC has completely changed from high-temperature structural materials to advanced and semiconductor-related materials. However, there is no doubt that the sintering of powders is still a basic and important technique. Studies on the sintering of SiC powders have been carried out for a long time and many methods have been developed. This chapter traces the history of the development of sintering methods.
Recrystallization
Green bodies of SiC coarse particles are heated at a high temperature (about 2400°C) to bond the particles based on the evaporationcondensation method. Porous materials that do not shrink during sintering are obtained by this process, which was patented in 1938. 71) Billinton et al. 72) summarized the relevant studies in 1964 and concluded that SiC is not intrinsically sintered and the material is densified when B 4 C is added. The obtained porous materials are of relatively high purity, resistant to thermal shock, and thermochemically stable. Therefore, the materials are frequently used for furnace materials, such as tubes and crucibles. Although the density is low (³2.5 g/cm 3 ) and the strength is not high (³100 MPa), the materials are considered important industrial materials.
SiC porous materials for DPF, produced in recent years, are made by this process. The materials take advantage of the chemical stability and heat-resistant property of the SiC porous materials. Please refer to other reviews 73) , 74) for more information on the DPFs.
Reaction sintering (RS) (or reaction bonding)
The reaction-sintering (RS) process involves the reaction, Si + C ¼ SiC. When heating porous green bodies consisting of SiC coarse particles and C on Si powders at 14501700°C, molten Si permeates the green bodies and the reaction described above occurs. The process was patented in 1970, 75) and Kennedy, Shennan and Forrest et al. 76),77) in the United Kingdom started a detailed research study in 1975. The research had been actively carried out, 78),79) and the developed materials were called REFEL and commercially supplied. At that time the world had suffered the oil shock (197374), and energy issues had become obvious. The research was positioned as a pioneering study proposing, for the first time, the substitution of metals with high-temperature ceramic materials, thereby improving the efficiency of internalcombustion engines.
Because the reaction between Si and C is an exothermic reaction and rapidly proceeds, SiC grains are mixed to control the reaction. Since Si is absorbed through the pores into the green bodies by capillary force, it is important to control the initial porosity. By this method, single-phase sintered SiC cannot be obtained because Si remains in the bodies. The strength of the material is generally not very high (³300 MPa) and drastically decreases when the temperature exceeds the melting point of Si (1414°C). There is a method of heating the sintered body at high temperature after sintering to remove Si by evaporation and to obtain materials without any drop in strength, even for porous materials. Needless to say, the strength and properties are dependent on the pores and microstructure. 80) Because SiC synthesized by the RS process does not shrink by sintering and can afford large, complicated parts, they are produced in large quantities for furnace materials, crucible, saggers, etc.
The RS technique has been developed as a manufacturing method for advanced materials in recent years. It is natural that high-purity SiC parts (which contains Si phase) can be produced from high-purity powders, and therefore, the technique is used to produce tubes and supporting jigs for furnaces used in semiconductor wafer manufacturing. 81) As both the size of the wafers and the treatment temperature increased, silica glass was replaced with SiC. Metal impurities, especially Al, are undesirable for these parts. To further improve the purity, the combination of the RS technique and the CVD-SiC coating technique is also being performed.
Suyama and Itoh 82) succeeded in controlling the structure of the sintered RS-SiC to develop poreless, high-strength materials and heat exchanger parts for hydrogen production systems and 650-mm diameter optical space mirror. This application makes use of the specific properties of SiC materials, such as a low thermal expansion coefficient and high elastic modulus, and the material was put to new uses. The photographs in Fig. 9 are examples of products made of RS-SiC-sintered materials.
Another method affords reaction-sintered SiC bonded by Si 3 N 4 .
83)85) In this method, green bodies of SiC and Si coarse grains are treated at 1350°C, which is lower than the melting point of Si, under a nitrogen atmosphere and the Si is nitrided (3Si + 2N 2 ¼ Si 3 N 4 ) and SiC grains are bonded. The mixing ratio of Si, grain size, and compacting density determine the properties of the sintered bodies. Like RS-SiC, the material does not undergo, or undergoes only a very slight shrinkage by sintering and can be produced to a near-net shape. Large parts can also be produced. The material is resistant to thermal shock and high-temperature corrosion and is used as the refractory materials of high-temperature furnaces. Figure 10 shows the structure of the recrystallized SiC, reaction-sintered SiC, and reaction-sintered SiC bonded by Si 3 N 4 . DPF shows almost the same structure of the first photograph in Fig. 10. 7. Sintering of SiC fine powders 7.1 Normal sintering (NS) (or pressureless sintering; PLS)
The normal sintering (NS) process involves sintering at 1 atm under an inert gas atmosphere without pressurizing. The process originated from Prochazka's success in 1975 of sintering SiC powders along with the addition of B and C. 86)88) This research attracted attention due to the success in synthesizing sintered SiC of covalently bonded materials having high melting points and has been cited in the introduction of articles concerning SiC sintering almost without exception. The fact that B is effective when hot-press sintering was already found by Alliegro et al. 89) in 1956. Al, Fe, Cr, Ca, Ni, Al and Fe, Zr, and Mn were also found to be effective. The feature of Prochazka's discovery is to add a small amount of B and C to high-purity ¢-SiC powders of submicron-size. He completely revealed all the important facts about the system®that the system is densified by solid-phase sintering, ¢-SiC grains grow by undergoing phase transformation, the strength does not decline even at high temperature, and the strength correlates with the size of the fracture origins. He also performed measurement of the fracture energy.
In the 100-year history of SiC materials, Acheson's powder synthesis, Lely's single crystal synthesis, and Prochazka's normal sintering are considered to be the three greatest discoveries. These three discoveries and the sintering method of Si 3 N 4 powders, discovered by Tsuge and Nishida and Komeya in the 1970's, 90) ,91) initiated the ceramic boom. In 1978, almost all famous ceramists related to sintering assembled from around the world at the meeting of "International Symposium on Factors in Densification and Sintering of Oxide and Non-oxide Ceramics", held by Somiya and Saito at Hakone. The proceedings of the symposium 92) may be the most valuable collected papers along with the "Special Ceramics" series 93) edited by Popper. It was found immediately that the sintering method with BC additives is applicable to ¡-SiC fine powders.
94) The application to sintered ¢-SiC was patented by General Electric Co., and the application to sintered ¡-SiC was patented by the Carborundum Co. 95 ),96) Following these patents in the United States, many relevant patent applications were also filed in Japan. It is difficult to list all the patents here.
Because ¡-type powders can be produced at lower costs compared with ¢-type powders, the sintered ¡-type SiC are the main SiC industrial materials and were commercialized by ceramics manufacturers and chemical companies in Japan. Because ¢-type powders have slightly better properties, they were produced as, for example, high-performance mechanical seals. Industrial products of sintered SiC are abrasion-resistant materials rather than high-temperature structural materials. Figure 11 shows examples of such products.
The sintering mechanisms of the ¡-type SiC and ¢-type SiC are basically the same. However, the ¢(3C) type tends to transform into the ¡-type. Because phase transformation pro- motes grain growth and inhibits densification, it is more difficult to sinter the ¢-type SiC powders than the ¡-type SiC. Research performed by Böker and Hausner 97) and Tanaka et al. 98) is helpful in understanding the sintering techniques. The difference between the ¡-type and ¢-type is the grain shape. The former yields isometric polyhedral grains and the latter provides an elongated form with a large aspect ratio (Fig. 12) . It is strange that the cubic ¢-type (3C) affords anisotropic grains. Since 3C is not stable at the sintering temperature of 21002200°C (Fig. 4) , many stacking faults that are introduced into the crystals (grains) result in the anisotropic grain shape.
The BC-added system involves a typical solid-state sintering, the grain boundaries are narrow and transgranular fracture is predominant. Therefore, the dependence of the strength on the aspect ratio is not distinguished as compared to the Al 2 O 3 -added system described later. However, it has been reported that the ¢-type, which has a higher aspect ratio, shows slightly better mechanical properties than the ¡-type.
99)
As is generally known, the market for sintered SiC as heatresistant structural materials has not grown to the scale initially expected. Although the basic patents have expired, only a limited number of companies have been manufacturing them. However, the technologies for making SiC products have advanced due to the support from national projects, and their position as advanced industrial materials has been maintained (Fig. 1) . As a results of these efforts, Japanese ceramics become highly competitive internationally, and the materials have to be positioned as advanced key materials in industry. 103) succeeded in normal sintering (NS). Al 2 O 3 reacts with SiO 2 present on the surface of the SiC powders at high temperature to form a liquid phase, leading to the formation of a grain-boundary phase, which becomes a diffusion path. This system differs from the BC-added system in that the amount added is as high as several percent, and thick oxides remain in the grain boundaries. Therefore, fractures occur at the grain boundaries, and the strength and, in particular, the fracture toughness (K IC ) are high. Suzuki et al. 104 ),105) synthesized SiC-sintered materials by NS or a combination of NS and hot isostatic pressing (HIP) adding 3 mass % or more Al 2 O 3 , and investigated the properties in detail. They reported that grains grew in a series of sintering treatments, and the density, strength, and Weibull modulus (m, modulus of strength distribution) were improved. The important point is that they found the relationship between the elongation of grains (the increase of the aspect ratio) and K IC and demonstrated the technique of in-situ microstructure control (Fig. 13) .
Liquid-phase sintering
A problem with the Al 2 O 3 addition is that the sinterability is significantly inferior to the BC addition system because oxides and SiC react. The calculated result of the thermodynamic phase relations of the SiAlCO system, performed by Misra, 106) is Fig. 11 . Anti-abrasive parts of sintered SiC. 
104)
Journal of the Ceramic Society of Japan 119 [3] The interesting point of the oxide addition is that various structures can be obtained using the SiC grain growth from a liquid phase, as shown in Fig. 13 . Many studies, especially concerning HP, aimed at the in-situ microstructure control and improvement of the mechanical strength, have been carried out. The acceleration of the elongated grain growth with seed crystals has been also investigated. 117) Only representative papers are mentioned here. In the oxide-addition system, well-densified SiC are difficult to be synthesized by NS. Therefore, the industrial production does not seem to succeed and there are no products listed in commercial catalogs.
One additional study that must be mentioned is related to BeOadded SiC materials. 118) When SiC green bodies are hot-pressed by adding a small amount (1 mass % or less) of BeO, sintered SiC having extremely thin grain boundaries that become barriers against electric conduction are obtained. Sintered SiC has a high thermal conductivity comparable to that of AlN and an insulating property close to that of Al 2 O 3 . The materials are expected to be used as heat sinks for ICs and corrosion-resistant, high thermal conductive materials.
Hot pressing (HP) and spark-plasma sintering (SPS) (or pulse electric current sintering; PECS)
Hot pressing (HP) and hot isostatic pressing (HIP), already described in the section on liquid-phase sintering, are generally used to densify systems difficult to sinter. These processes cannot produce complicated large parts and are not economical. However, because the properties of ceramics used in precision instruments and parts for semiconductor manufacturing are considered important, the control of the composition, degree of purity, and degree of densification of such ceramics have precedence over economy, and the added value of such ceramics is high, HP and HIP are being reconsidered. One example is that if high-purity powders produced by the CVD or precursor method, described in Chapter 4, can be sintered with no additives, high-purity SiC parts for semiconductor manufacturing can be produced. Although additive-free SiC powders could not be densified by NS, they can be sintered by HP.
119) The uses of high-purity sintered SiC include dummy wafers, electrostatic chucks, and substrate heaters (Fig. 14) .
Spark-plasma sintering (SPS) is also effective for densification. In the SPS method, the starting powders are placed in graphite dies, like HP, and rapidly heated by applying uniaxial pressure and high direct-current pulses to punches. The sintering is completed within several minutes. The SPS method often allows one to lower the sintering temperature, to completely densify the powder, and to control the grain growth.
120),121)
The SPS method aims to activate mass transfer by generating plasma at the contact points of the powders. It also aims to avoid grain growth. According to the conventional theory of sintering (Chapter 8, Table 1 ), surface diffusion promotes grain growth and does not contribute to densification. The activation energy of the diffusion coefficient is low for surface diffusion and high for grain boundary and for volume diffusions. That is to say, the latter is activated at high temperature. The SPS method aims to avoid grain growth by surface diffusion at low temperature and to promote densification by volume diffusion at high temperature. These mechanisms have not been proved and are sometimes questioned. However, it is experimentally obvious that this method involving the application of pressure and rapid heating is extremely effective for densification. There has also been an attempt at rapid sintering by radio-frequency plasma sintering, the principle of which is the same as SPS. 122) 8. Mechanism and theory of sintering of covalently bonded ceramics Prochazka 88) considered intrinsic non-sinterability of SiC powders from the point of grain boundary tension (energy) £ gb and surface tension (energy) £ sf . It should be noted that surface/ grain boundary tension £ sf,gb and surface/grain boundary energy ¾ sf,gb are often confused. An equation ¾ gb = 1/2£ gb is usually used. Figure 15 is a schematic representation of grains that are sintered. When considered on the basis of force, tensions at grain boundaries balance if the following Eq. (2) (YoungDupré equation) holds: Tanaka: Silicon carbide powder and sintered materials
£ gb : grainboundary tension
A pore is located at a triple point, and ª equals to 60°. If sintering (densification) occurs by eliminating the pore and by expansion of the grain boundary, the Eq. (3) has to be satisfied in Fig. 15 .
£ gb of SiC is large because SiC is covalently bonded material, and Eq. (3) is not satisfied. While the additive C removes SiO 2 from the surface of SiC grains and increases £ sf , the additive B declines energy at grain boundaries and decreases £ gb /£ sf . As a result, Eq. (3) is satisfied, and sintering becomes possible. That is to say, SiC has a thermodynamic barriers of sintering and additives are considered to be necessary to remove the barriers.
Let us review sintering theories here. Sintering theories were started by Kuczynski, Kingery, and Coble 123)125) and is described by a two-grain model, in which grains are joined together at the neck (Fig. 16) . 126) Mass flows from grain (source) or grain boundary to the neck where curvature is negative (sink). The driving force is a potential gradient r® generated by the curvature ¬, and the surface tension £ sf . the mass flow follows the Fick's (or NernstEinstein) Eq. (4).
On the basis of the Eq. (4) and the geometry in Fig. 16 , the sintering rates are calculated and summarized in Table 1 .
123)127)
The sintering theories have been refined further and now involve diverse methods such as numerical calculation and Monte Carlo simulation.
128)133)
According to Table 1 , sintering is driven by surface tension £ sf and is proportional to grain size a to the power of ¹n/m and to time t to the power of 1/m. Consequently, it can be explained that the non-sinterability of ceramics does not result from thermodynamic barriers in sintering, but is caused by the fact that prior diffusion route is surface diffusion or by an evaporation condensation mechanism in which sintering shrinkage does not occur.
Bind and Bigger 134) calculated the potential change of sintering (grain boundary expansion) of SiC powders as Eq. (5) (¡ is ª/2 in Fig. 15 ).
The second term on the right-hand-side indicates sintering barriers. Like Prochazka, Bind and Bigger considered that B and C remove the barriers. Furthermore, they calculated potential gradient (synonymous with sintering rate) as Eq. (6), and concluded that SiC is sinterable if grain size a becomes small. 
· e : stress, a: grain size, µ: neck radius
Greskovich and Rosolowsk 135) observed the shape of grains of C-or B-added SiC powders during sintering. Based on the fact that the specific surface area of non-densified samples decreased at the initial stage of sintering, they considered that densification is inhibited because grains grow by surface diffusion or evaporation-condensation mechanism. More specifically, they described that there is no barrier in SiC-sintering and SiC can be sintered when powders are pulverized into finer grains and volume diffusion or grain boundary diffusion becomes dominant.
Hase and Suzuki et al. 136)138) carried out systematic sintering studies in detail. First, they treated SiC powders at 1900°C, measured a dihedral angle of grain boundaries, obtained £ gb /£ sf = 1.39, which satisfies the Eq. (3), and concluded that there is no sintering barrier. They measured the shrinkage rate at constant-temperature-sintering and calculated time-dependence in the rate equation in Table 1 at 1/m = 2/7 (m ¿ 3). On the basis of these results, they revealed that grain boundary diffusion mechanism is dominant and B-C additives promote grain boundary diffusion and inhibit surface diffusion.
The author proposed a new sintering theory and tried to re-organize the classical theory. New model is proposed in Fig. 17,  139 ),140) which is almost same as that in Fig. 16 , while the neck is not supposed. The new model considers the grain size difference as actual powder has grain size distribution. Neck growth is unrealistic because ceramic grains consist of a highly structured crystalline phase in many cases. TEM observations often have found that the grains join directly without necks. Potential or vacancy concentration gradient which is a driving force in the classical theory cannot be assumed in the new theory.
As sintering proceeds, surface area (or energy) in two grains decreases and grain boundary area (or energy) increases resulting that total free energy of the system E sys , Eq. (7), decreases.
s sf,gb : surface and grain boundary area ¾ sf,gb : surface and grain boundary energy E sys decreases during sintering to an equilibrium state where grains sinter to a final density. The difference between E sys at present and E sys at equilibrium, that is, the excess free energy stored in the system ¦G, must be the driving force. Inomata and Tanaka proposed new material transport rate equation (free energy transport theory). 139)144) In the theory, the material transport rate is proportional to diffusion coefficient D x , term of diffusion area divided by diffusion path a x / x and deriving force ¦G as shown by Eq. (8) .
Validity of Eq. (8) is shown easily as follows. 143) If the equation of Fick's law (4) or (9) is integrated in a whole volume of diffusion, Eq. (8) is obtained.
If Eq. (8) is differentiated as to x , equal to x, Eq. (4) or (9) is obtained. Fick's law and free energy transport theory are equivalent. Figure 18 demonstrates that the total free energy E sys decreases with sintering (as X decreases). E sys has a minimum (equilibrium state) where sintering does not proceed anymore. The difference in free energy between the present and equilibrium states is driving force, ¦G. Sintering rate is calculated by application of Eq. (8) to the geometries of Fig. 17 resulting in Eq. (10) in case of volume diffusion. 140 ) Fig. 18 . Change in energy E sys of joining grains ( Fig. 17) with sintering, E sys /E sys,X=1 (ration of energy at present to energy at starting of sintering, X = 1) is plotted against degree of joining X. Sintering proceeds from initial state of X = 1 to X = 0.
An important point in these calculations is that a sintering rate is a function of ¡ = ¾ gb /¾ sf (ration of grain boundary to surface energy) while the classical theory neglects grain boundary energy. Sintering behaviors were simulated using Eq. (10) and illustrated in Fig. 19 . 140) It is concluded that the smaller the ¡, the faster the sintering.
Then, how much are the surface energy and grain boundary energy in real SiC? No experimental data could be found. Values estimated from bond energy and calculated by the molecular orbital method are summarized in Fig. 20. 134),145)150) The data of ¾ gb are calculated values of lattice-site-coincidence boundaries of SiC bicrystals. Because all randomly-orientated boundaries have to be joined together in actual sintering, the mean value of ¾ gb concerning angles is important. As in the case of ¾ gb of random grain boundaries, only experimentally estimated values by Uemura et al. 147) exist. According to this, ¡ = ¾ gb /¾ sf is almost close to 1 (0.99). If it is true, Eq. (3) does not hold (£ gb = 2¾ gb in Eq. (3)). Another calculation 141) indicated that ¡ necessary to densification is under 0.87. That is to say, it is interpreted that pure SiC powders have the thermodynamic barrier in sintering and are non-sinterable.
Moreover, since additives (sintering aids) segregate at grain boundaries and make ¡ small substantially, they are indispensable for densification. Segregation of B and C added at grain boundaries of sintered SiC was found by TEM observation, 151 ),152) and B was deposited at grain boundaries and reduced grain boundary energy. Figure 21 shows TEM images of coincidence boundary of a SiC bicrystal and of grain boundaries of BC added sintered bodies. B and C are considered to be deposited at grain boundaries in the latter case. From the technical point of view, removing oxide from the powder is important. Surface energy of SiO 2 is small (Fig. 20) and SiO 2 on the surface of SiC powder raw materials has to be removed for Eq. (3) to hold true. In SiC powder sintering, this is done by the addition of C and vacuum-heating pretreatment.
Other important factors are diffusion coefficient and grain size. Equation (10) indicates that the sintering rate is proportional to the diffusion coefficient D and a(particle size)
¹3
. Sintering (and also grain growth) has a strong dependence on grain size, and it is empirically obvious that the finer powders are preferable. The time-dependence of densification is not simple because grain size changes with time. Diffusion coefficients of SiC were measured in detail only by the group of Hong et al. 153) and is shown in Fig. 22 for reference. 
Variations in composition and sintering additives
Unlike Si 3 N 4 and Sialon, SiC scarcely forms compounds and solid solutions with other elements. In such a situation, the SiC AlNAl 4 C 3 system is important (Fig. 23) .
154)158) Although not all phases shown in Fig. 23 are identified, SiC and AlN have similar lattice constants and are found to form a solid solution in all regions if the crystal structure is 2H. This system is almost the only solid solution system and is called a ceramic alloy. Zangvil et al. 157 ),159), 160) reported the synthesis of the SiCAlN solid solution and the strength of the sintered bodies. AlNAl 2 OC is also a solid solution system having a miscibility gap. When AlN Al 2 OC is synthesized at 2300°C and annealed at lower temperature, i.e., 16001900°C, decomposition and precipitation occur in the grains yielding a nanocomposite. Unfortunately, such decomposition and precipitation do not obviously occur in the SiCAlN system. Studies of the sintering and physical properties have not been further advanced to include other systems.
The SiCAl 4 C 3 B 4 C system becomes interesting if we focus our attention on the additive aids. Inoue et al. and Inomata et al. 161 ), 162) reported that the system involves several complex compounds, and liquid phases are generated around the Al 8 B 4 C 7 compound at 1800°C (Fig. 24) . Low-temperature sintering of SiC may be possible if this AlBC system is used as an additive. Actually, the additive was used in the sintering, and the sinterability was found to be certainly better than that of the BC system. 163)167) The relationship between the amount of additives, sintering temperature, and density is shown in Fig. 25 . While sintering is performed at about 2150°C in the BC system, the AlBC system additive offers densification at a 200°C lower temperature, i.e., at about 1900°C. Sintering can be performed at 1700°C in the case of HP. 164) Although the 6H-SiC powders normally grow isometrically, the ¡-SiC powders grow into particles with a high aspect ratio by this system. This technique may be used in material development as a self-structural control (toughening) technique.
When the AlBC additive is used in sintering, Al is incorporated into the SiC crystals and stabilizes the 4H (see Chapter 3). Therefore, the 6H-SiC grains in the raw powders are partially transformed into 4H, resulting in the formation of stacking faults. Stacking faults cause anisotropy of the crystals and powders grow into plate-like grains. Figure 25 shows this behavior. 167) In the TEM images of this figure, stacking faults formed by partial transition of 6H to 4H are observed. However, it has been pointed out that the AlBC compounds are inferior in water resistance, and due attention should be given. NS is possible when only Al is used, although the sinterability seems to be remarkably inferior. 168) These easy sintering technologies can lower the HIP or HP temperatures. The combination of NS and HIP produce completely densified materials treated at 1850°C ( Table 2) . When poreless sintered SiC becomes necessary, these technologies combining NS and HIP are useful. 
Conclusion
In this article, a review of the research history of SiC materials has been presented with a focus on powder synthesis and sintering. The development of SiC as an advanced material and a material for manufacturing semiconductors has received new impetus and is progressing in a new direction. The development of SiC materials has to involve processes for enhancing the purity and densification, nanosizing. Powder synthesis, powder compacting, and sintering are still important processes, while new processes are found to be an extension of these fundamental processes. In this review, original studies have been given maximum possible emphasis, and in particular, the basic points of view have been introduced.
Various technologies for producing SiC had been developed by around 1970. Unfortunately, many of them seemed to be unsuitable for practical use and lost importance. However, the recrystallization method, which was studied and developed in the 1930s, has recently evolved for application to DPF. The Lely method is used for producing large single crystals, and the RS and CVD in the 1960s, as methods for producing high-purity SiC materials. In addition, HP has become an important process for producing high-purity SiC materials. It is expected that the studies reviewed here will inspire the present researchers to find ideas for new research.
Topics that have not been reviewed here include SiC fibers, fiber-or particle-reinforced composite materials, materials for nuclear reactors, and refractories. Please refer to the feature articles 41) , 169) in the Bull. Ceram. Soc. Japan, "Ceramics Japan" for information on these topics. 
